has a domain structure similar to RanBP3, although the
sequence similarity between the two proteins is low absence of histidine, RanBP3 bound to Crm1 but not importin-␤, while Npap60 interacted strongly with im-‫;%32ف(‬ Figure 1A ). Npap60 has a basic residue motif at the N terminus, a domain containing one FxFG and portin-␤ but not Crm1 ( Figure 1C) . Importantly, the interaction between Npap60 and imtwo SLFG repeats, and a C-terminal domain containing a candidate Ran binding domain (RBD) weakly related portin-␤ was also detected between endogenous proteins. Importin-␤ was immunoprecipitated from HeLa to RanBP1. We named these domains N, F, and R, respectively, after the RanBP3 nomenclature ( Figure 1A; cell lysate, using monoclonal antibody 3E9, and endogenous Npap60 was detected by immunoblotting ( Figure  Lindsay et al., 2001 ).
To determine if Npap60 binds to karyopherin-␤ family 1D). A control antibody did not pull down any Npap60, demonstrating that the interaction with importin-␤ was members, we looked for factors present in cells that can interact specifically with recombinant Npap60. A soluble specific. Remarkably, both importin-␤ and Npap60 were completely depleted from the lysate by the antiHeLa cell extract was exposed to GST-Npap60 immobilized on glutathione-Sepharose. GST alone was used as importin-␤ antibody, indicating that virtually all of the soluble Npap60 is in a complex with importin-␤. a control. As shown in Figure 1B , GST-Npap60 interacted robustly with a ‫79ف‬ kDa protein.
Immunoblotting
To test whether these interactions were direct, GSTNpap60 or GST-RanBP3 were immobilized on beads revealed this protein to be importin-␤. Importin-␣1 was also captured by the GST-Npap60 beads. The interacand incubated with recombinant Crm1, or importin-␤. In contrast to previous reports (Guan et al., 2000), in our tion with importin-␣:␤ was specific, because the exportin Crm1 did not bind to Npap60.
hands, Npap60 bound to importin-␤ but not to Crm1 ( Figure 1E ). RanBP3 interacts with Crm1 (Lindsay et al., However, Npap60 is a nuclear protein (Guan et al., 2000) and might therefore merely be cargo for the im-2001). RanBP3 binds through its F domain to Crm1 (Lindsay portin-␣:␤ transport pathway. To test this hypothesis, we tried to compete out binding by the addition of exet al., 2001). When GST-tagged versions of the F domains of RanBP3 and Npap60 were incubated with Crm1 cess NLS peptide. Unexpectedly, the peptide did not reduce the amount of importin-␣:␤ bound to the beads or importin-␤, the isolated F domain of Npap60 was sufficient to bind importin-␤ but did not recognize Crm1 ( Figure 1B) .
To further test the specificity of this interaction, we ( Figure 1E ). Together, these results suggested the interesting hychose the yeast two-hybrid system, using Gal4 DNA binding domain (Gal4DBD) and VP16 activation domain pothesis that, like RanBP3, Npap60 may be a component of a transport complex. However, Npap60 has been fusions. Strains expressing Gal4DBD-importin-␤ or -Crm1 fusions were mated with strains that express reported, on the contrary, to be a component of the NPC with an exclusively nucleoplasmic orientation (Guan et VP16-RanBP3 or -Npap60 and grown on plates containing defined media. As evidenced by growth in the al., 2000). Therefore, we asked whether Npap60 exhibits dynamic or static interactions with the NPC. First, we import complex, so long as it can move through the nuclear pores and be accessible to both compartments. used a heterokaryon fusion assay to detect nucleocytoplasmic shuttling. Human GSN2 cells were fused to Therefore, as a second approach, we asked if Npap60 is accessible to the cytoplasmic face of the nuclear Rat1 fibroblasts. Our anti-Npap60 antibody only recognizes the human form of the protein, so that shuttling pore complex. HeLa cells were fixed before and after selective permeabilization of the plasma membrane with of Npap60 from the GSN2 nuclei to the Rat1 fibroblast nuclei would be detectable by immunostaining. GSN2 digitonin, then immunostained for Npap60. As a control for loss of integrity of the nuclear envelope, we costained cells constitutively express a GFP-streptavidin-NLS (GFP-Stv-NLS) fusion protein that is confined in the nufor nuclear lamin A/C, and to test this antibody we disrupted the nuclear envelope with 0.1% Triton X-100 after cleus and does not actively shuttle (Black et al., 1999). This fusion protein therefore acts as a donor nucleus fixation. Triton X-100 allowed staining of both the nuclear Npap60 and the lamins ( Figure 2B ; top). However, marker and negative control. Cycloheximide was included in the medium to prevent de novo synthesis of when the cells were permeabilized with limiting concentrations of digitonin, no lamin was detectable, but the Npap60 during the assay. Endogenous human Npap60 was distributed throughout the GSN2 nucleoplasm, as anti-Npap60 antibody produced punctate staining characteristic of nuclear pore complexes. When no deterhas been reported previously for cells fixed with paraformaldehyde (Smitherman et al., 2000) . Two hrs after gent was added, neither antibody stained the cells (Figure 2B, bottom) . These results strongly suggest that the fusion, human Npap60 was detectable within Rat1 nuclei, demonstrating that the protein can shuttle between Npap60 is accessible to the cytoplasmic side of the nuclear pores. the nuclear and cytoplasmic compartments, though quite slowly (Figure 2A) .
To confirm this conclusion, we repeated the experiment, with similar results, using NIH 3T3 fibroblasts and However, the protein does not need to be released into the cytoplasm to function as a component of an antibody that detects murine Npap60 ( Figure 2C ). Fi- beads and incubated with importin-␣ Ϯ importin-␤. tion as an import signal, GGN109 was used for in vitro nuclear import assays. Import of GGN109 could be re-GGN109 bound importin-␣ and formed a ternary complex with importin-␣:␤ ( Figure 3E ). The KRR-ϾAAA muconstituted in the presence of importin-␣:␤ (plus Ran and energy), was reduced by energy depletion (addition tant of Npap60 did not bind to importin-␣ under these conditions ( Figure 3E ), but it was detectable when of hexokinase and glucose), and required the integrity of the IABM in the Npap60 N terminus ( Figure 4C ). Morewashes were performed with lower salt concentrations (data not shown). The binding of a second mutant, in over, as predicted from the binding studies, import of GGN109 was not inhibited by NLS peptide, although which two additional upstream residues were mutated (KK,KRR → AA,AAA), was undetectable under all condithis peptide did effectively block import of GGNLS (Figure 4D ). These data support the notion that importin-␣ tions tested (data not shown). These results indicate that the importin-␣ binding motif (IABM) within Npap60 can bind and import both NLS-containing cargo and the IABM of Npap60 simultaneously. requires two adjacent basic sequences.
Importin-␣ Can Bind and Import the Npap60 IABM Importin-␣:␤, Npap60, and NLS-Bearing Cargo Can Form a Quarternary Complex that Stimulates and a Monopartite NLS Simultaneously To further study the interaction between Npap60 and
Nuclear Protein Import The results described above suggest that Npap60 might importin-␣, we used beads coupled to peptides comprising the SV40 NLS or the IABM of Npap60. The form a heterotrimeric complex with importin-␣:␤ that could bind NLS-cargo. To test this idea, NLS-agarose Npap60 peptide corresponds to residues 35-48. As expected, both types of beads interacted specifically with beads were exposed to importin-␤ Ϯ importin-␣ Ϯ fulllength Npap60. Neither Npap60 nor importin-␤ associfull-length importin-␣, whereas only the IABM of Npap60 bound the C-terminal fragment of importin-␣ (aa 396-ated with the NLS beads individually and little stuck to beads conjugated to a control peptide ( Figure 5A ). As 521; Figure 4A ).
To ask whether importin-␣ can bind simultaneously expected, in the presence of importin-␣, importin-␤ bound to the beads. Npap60 did not compete with either to both a classical monopartite NLS and the N-terminal region of Npap60, the NLS-agarose beads were incuimportin-␣ binding to importin-␤ or importin-␣ binding to the NLS-beads. In fact, Npap60 efficiently joined the bated with the GGN109 protein Ϯ importin-␤ and/or importin-␣. Importin-␣ bound specifically to the beads complex. Moreover, when GST-importin-␤ on beads was exposed to increasing concentrations of importin-( Figure 4B ). GGN109 could also bind to the beads, but only in the presence of the importin-␣. Simultaneous ␣ Ϯ Npap60, the Npap60 potently increased the binding of importin-␣ to importin-␤ (K app reduced from ‫54ف‬nM binding did not result from dimerization of importin-␣, because GST-GFP-NLS (GGNLS) could not bind to NLSto ‫8ف‬nM; Figure 5B ). The ability of Npap60 to stabilize the importin-␣:␤ agarose beads in the presence of importin-␣ (Figure 4B,  bottom) .
heterodimer would be predicted to have functional consequences for NLS-directed nuclear import. We tested To test directly whether the IABM of Npap60 can func- this prediction in a permeabilized cell transport assay, is not caused by a general change in the structure of the NPC. using GGNLS. The import buffer (containing Ran and an energy-regenerating system) was supplemented with
The yeast protein Nup2p has a similar domain structure to Npap60 and the two proteins share the ability to limiting amounts of importin-␣:␤ and overlaid onto the cells for 5 min. Under these conditions, nuclear accumubind importin-␣. One proposed function of this protein is to potentiate importin-␣ export via CAS. We wondered, lation of the GGNLS was negligible. However, addition of 1 M Npap60 substantially increased import, to a level therefore, whether Npap60 stimulates nuclear import by a direct effect on the import complex, or indirectly, by equivalent to that of saturating import factors ( Figure 5C,  a-c) . Addition of Npap60 in the presence of saturating stimulating the export of importin-␣. To distinguish these possibilities, we determined the effect of Npap60 levels of importin-␣:␤ did not further increase GGNLS accumulation in the nucleus, indicating that the Npap60-on the export of endogenous importin-␣ from permeabilized cells exposed to an energy-regenerating system mediated stimulation of import most likely acts by increasing the efficiency of the importin-␣:␤ pathway (Figand either Ran alone, Ran and Npap60, or Ran and CAS. Neither Ran alone nor Ran supplemented with Npap60 ure 5C, c-d). Moreover, import under these conditions was linear over Ͼ10 min (data not shown), and the obwere able to mediate any export of importin-␣, but the addition of CAS resulted in efficient export ( Figure 5C ; served differences therefore reflect differences in initial import rates, rather than in the final levels of nuclear i-k). Therefore, the stimulatory effect of Npap60 on importin-␣:␤-mediated nuclear import is not mediated by accumulation.
The ability of Npap60 to stimulate cargo import under stimulation of importin-␣ export. These data indicate that Npap60 exerts a direct and conditions of limiting importin-␣:␤ is specific, since the cofactor failed to stimulate transportin-mediated import specific stimulatory effect on importin-␣:␤-mediated nuclear protein import at a step prior to the recycling of of an M9-containing substrate under similar conditions ( Figure 5C, e-h) . Thus, the stimulatory effect of Npap60 importin-␣ from the nucleus. Figure 6B, lane 12) . The N-terminal RBD of importin-␤ (aa 1-364) was sufficient for this interaction (Supplemen-␤ was retained on addition of Npap60, however, and RanQ69L also became associated with the beads (Figtal Figure S1 , available at www.cell.com/cgi/content/ full/110/3/349/DC1). RanQ69L reduced the relative ure 7A, lane 7). The Npap60:importin-␣:␤:RanGTP complex can be formed in a ‫1:1:1:1ف‬ stoichiometry when amount of importin-␤ binding to the F domain ( Figure  6B, lanes 9-10) To address this question, NLS beads were exposed were incubated with Npap60. The pools were then split again into three, and importin-␣, RanBP1, or both proto importin-␣ and importin-␤ Ϯ RanQ69L and Npap60. ing importin-␣ export, and Npap60 by facilitating import Consistent with a function in nuclear import, Npap60 of the importin-␣:␤ complex. can shuttle (albeit slowly) between the cytoplasmic and Finally we note that, despite the intensive analysis nuclear compartments and is accessible from the cytogiven to this pathway, the discovery of an additional plasmic side of the nuclear pores. Moreover, under consubunit for the importin-␣:␤ complex illustrates that furditions of limiting transport factors (importin-␣ and -␤), ther characterization of the soluble phase of nuclear Npap60 can stimulate import of NLS-cargo. These data transport will likely yield new factors and additional laysuggest that Npap60 may function as a mobile nucleoers of complexity. porin that cycles back and forth through the NPC constitutively associated with importin-␤.
Experimental Procedures
We propose a working model for Npap60-assisted cytosol isolated Kap60p (importin-␣) and Nup2p (Aitchi-
